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7KH GHYHORSPHQW RI QHZ KLJKSHUIRUPDQFH
PHFKDQLFDO VHDOVZRUNLQJ LQ VHYHUHFRQGLWLRQV UHTXLUHV
KLJKHU PDWHULDO SHUIRUPDQFHV 6LQWHUHG VLOLFRQ FDUELGH
66& ZLGHO\ XVHG DV D KDUG PDWLQJ PDWHULDO LV D
SRWHQWLDO FDQGLGDWH EXW LWV IULFWLRQ DQGZHDU SURSHUWLHV
QHHG WR EH LQYHVWLJDWHG LQ WKH VFRSH RI WKHVH QHZ
DSSOLFDWLRQV 
6LOLFRQ FDUELGH RIIHUV JRRG PHFKDQLFDO SURSHUWLHV
KLJK KDUGQHVV KLJK <RXQJ PRGXOXV JRRG FRUURVLRQ
UHVLVWDQFH DQG JRRG WKHUPDO FRQGXFWLYLW\ WKDW PDNH LW
VXLWDEOH IRU WULERORJLFDO DSSOLFDWLRQV LQ GLIIHUHQW






%UDJJ ILUVW GHVFULEHG LWV ODPHOODU VWUXFWXUH ,W KDVEHHQ
WKRXJKWGXULQJPDQ\\HDUV WKDWJUDSKLWHFRXOGDFWDVD
VROLG OXEULFDQW WKDQNV WR WKLV VWUXFWXUH ,Q IDFW WKH
HQYLURQPHQWDO FRQGLWLRQV VWURQJO\ LQIOXHQFH LWV




 ,Q WKLV VWXG\ D ILUVW H[SHULPHQW DVVHVVHV WKH
WULERORJLFDO EHKDYLRU RI 66& VOLGLQJ DJDLQVW LWVHOI DQG
WKUHH GLIIHUHQW FDUERQJUDSKLWH PDWHULDOV 'U\ IULFWLRQ
DQGULQJRQULQJFRQILJXUDWLRQDUHFRQVLGHUHG$VHFRQG
WHVWXVHVDQLQIUDUHGFDPHUDWRHVWLPDWHWKHWHPSHUDWXUH





$V VDPSOH PDWHULDO IRU WKH SULPDU\ ULQJ VLQWHUHG
VLOLFRQFDUELGH6L&%2267(&ZDVXVHG7KHVXUIDFH
ZDV SROLVKHG WR VKRZ DQ DULWKPHWLF URXJKQHVV 5D RIOHVVWKDQP 
7KUHH GLIIHUHQW FDUERQJUDSKLWH PDWHULDOV IURP
0(56(1 ZHUH VHOHFWHG DV FRXQWHUIDFH ULQJV D
FDUERQJUDSKLWH ZLWKRXW LPSUHJQDWLRQ UHIHUUHG DV &PDWHULDODSKHQROLFUHVLQLPSUHJQDWHGFDUERQJUDSKLWH
&DQGDQDQWLPRQ\LPSUHJQDWHGFDUERQJUDSKLWH&,Q WKH VDPH ZD\ DV IRU WKH 6L& WKH VXUIDFHV ZHUH
SROLVKHGWRREWDLQ5DP 





([SHULPHQWV ZHUH SHUIRUPHG XQGHU GU\ IULFWLRQ
XVLQJ D ULQJRQULQJ WULERPHWHU7KLV WULERPHWHU URWDWHV
WKHPDWLQJULQJDJDLQVW WKHFRXQWHUIDFHULQJ ORDGHGE\
PHDQV RI GHDG ZHLJKWV $ WRUTXH DQG IRUFH VHQVRU
UHFRUGVFRQWLQXRXVO\ WKHDSSOLHGQRUPDO IRUFH)1 DQGWKH UHVLVWDQW WRUTXH &U 7KHVH SDUDPHWHUV JLYH WKHIULFWLRQFRHIILFLHQWWKURXJKWKHHTXDWLRQ ߤ ൌ ଷଶ ൈ ஼ೝிಿ ൈ ቀ௥భమି௥మమ௥భయି௥మయቁ                     
ZKHUHUDQGUDUHUHVSHFWLYHO\WKHRXWHUDQGLQQHUUDGLLRIWKHVDPSOHV
$ VRXQG OHYHO VHQVRU 3XOVDU  ZDV XVHG WR
FRUUHODWH WKH VRXQG DQG WKH IULFWLRQ EHKDYLRU
7ULERORJLFDO WHVWV ZHUH UXQ DW URRP WHPSHUDWXUH DW D
FRQVWDQWVOLGLQJVSHHGRIPVXQGHU03DFRQWDFW
SUHVVXUHRQDFRQWDFWDUHDRIPP 
([SHULPHQWV ZHUH FRQGXFWHG IRU WZR KRXUV WRWDO
VOLGLQJ GLVWDQFH RI P LQVLGH D WLJKWHQ HQFORVXUH
)RXU SDLUV RI PDWHULDOV ZHUH WHVWHG D 6L&6L& FRXSOH
DQG WKUHH 6L&& FRXSOHV XVLQJ WKH WKUHH VXSSOLHG
FDUERQV&&DQG&$ FRPSOHPHQWDU\ H[SHULPHQW ZDV UHGXFHG WR 
PLQXWHVWRWDOVOLGLQJGLVWDQFHRIPDQGWHVWVZHUH







 2.3. Characterization methods
7KH VDPSOHV ZHUH FKDUDFWHUL]HG EHIRUH DQG DIWHU
ZHDU WHVWV XVLQJ GLIIHUHQW WHFKQLTXHV WR GHWHUPLQH WKH
ZHDUPHFKDQLVPRIHDFKPDWHULDOFRXSOH
· :HDU ORVV ZDVPHDVXUHG E\ZHLJKWLQJ WKH VDPSOHV
XVLQJDQDFFXUDWHVFDOH56DUWRULXV5HVHDUFK
· 7RSRJUDSK\ DQG VXUIDFH SURILOHV RI WKH ZRUQ ULQJ
VSHFLPHQV ZHUH GHWHUPLQHG XVLQJ D ' RSWLFDO
SURILORPHWHU:\NR179HHFR
· 7KHVXUIDFHVRIWHVWHGVDPSOHVZHUHDOOH[DPLQHGE\






3.1. Main series of experiments
 )ULFWLRQFRHIILFLHQWDQGVRXQGOHYHO
7KH FRHIILFLHQW RI IULFWLRQ &2) ZDV FDOFXODWHG
IURP WKH QRUPDO IRUFH DQG WKH WRUTXH YDOXHV ZLWK
(TXDWLRQDWVHFRQGVLQWHUYDOV
'XULQJ WKH 6L&6L& FRQWDFW D KLJK GDPDJH RI WKH
XSSHU VDPSOH RFFXUUHG DQG D &2) RI DERXW  ZDV
UHFRUGHG 7KH WHVW ZDV VWRSSHG DIWHU WKH ILUVW V RI
VOLGLQJ
)RUWKHWKUHH6L&&WULERWHVWV&2)DQGVRXQGOHYHO
DV D IXQFWLRQ RI WLPH DUH VKRZQ LQ )LJXUH  $IWHU D
VWDWLRQDU\ SHULRG RI  V WKH &2) RI FDUERQ VDPSOH
ZLWKRXW LPSUHJQDWLRQ NHHSV RVFLOODWLQJ EHWZHHQ  DQG
ZLWK DPHDQ YDOXH RI  )LJXUH D 7KH VRXQG
OHYHO IROORZV WKH VDPH EHKDYLRU DQG VKRZV YDOXHV
EHWZHHQDQGG%ZLWKDPHDQYDOXHRIG%
:LWKDSKHQROLF UHVLQ LPSUHJQDWLRQ)LJXUHE WKH
RVFLOODWLRQ IUHTXHQF\ RI WKH &2) LV UHGXFHG DQG WKH








DW  G% ,Q WKHPLGGOH RI WKH WHVW EHWZHHQ  DQG
V WKH VRXQG OHYHO ZDV SHUWXUEHG DQG D VOLJKW
LQFUHDVHLQWKH&2)ZDVREVHUYHG 
6XGGHQFKDQJHVLQWKH&2)DUHUHODWHGWRDVWLFNVOLS





VDPSOH LQGXFHG D ILUVW FUDFNLQJ $GGLWLRQDOO\ D KLJK
DPRXQWRIGHEULVZDVFUHDWHGE\DFKLSSLQJSURFHVV2Q
WKH RWKHU KDQG ZLWK 6L&& FRQWDFWV WKH VRIWHU FDUERQ
VDPSOHV KDYH DOORZHGSXUVXLQJ WKHGU\ VOLGLQJZLWKRXW
PDMRUGHWHULRUDWLRQ 
$JDLQ WKHFKDQJH LQFDUERQ LPSUHJQDWLRQV OHDGV WR
QRWDEOH GLIIHUHQFHV 7KH DQWLPRQ\ LPSUHJQDWHG FDUERQ
KDG WKH ORZHVW ZHLJKW ORVV ZKLOH QRQLPSUHJQDWHG
FDUERQJRWWKHKLJKHVWRQH)LJXUH7KHVDPHZHLJKW
ORVVZDVPHDVXUHGIRUHDFK6L&VDPSOH
:HDU SDUWLFOHVZHUH FROOHFWHG DIWHU WKH WHVWV:KLOH
WKH 6L&6L& SDLU FUHDWHG FKLSV SDUWLFOHV WKH 6L&&
FRXSOHV SURGXFHG VSKHULFDO ZHDU SDUWLFOHV URXQGHG
PHFKDQLFDOO\ZLWKGLDPHWHUVUDQJLQJIURPPXSWR
P)LJXUH
,Q WKH WKUHH 6L&& H[SHULPHQWV D WULERORJLFDO ILOP
DSSHDUHG RQ ERWK VXUIDFHV 7KH FRHIILFLHQW RI IULFWLRQ
DQGWKHZHDUDUHYHU\VHQVLWLYHWR WKHIRUPDWLRQRIWKLV
WKLUG ERG\ DQG LWV FLUFXODWLRQ LQVLGH WKH FRQWDFW 6RPH















('; DQDO\VHV RI WULERILOPV VKRZ D FDUERQ FRQWHQW
KLJKHUWKDQZWDQGZWIRUWKHR[\JHQRQERWK
6L& DQG & VXUIDFHV 7KH FDUERQ PDWHULDOV SDUWLFLSDWH
PDLQO\WRWKHIRUPDWLRQRIWKHWKLUGERG\ 
(YHQ LI WKH WHQGHQF\ LV WKHVDPHIRU WKH WKUHH WHVWV
GLIIHUHQFHV LQ WKHZHDUPHFKDQLVPEHKDYLRUZHUH DOVR
QRWLFHG
,QWKHFDVHRIWKHQRQLPSUHJQDWHGFDUERQWKLVILOP
GRHV QRW DGKHUH WR WKH 6L& VXUIDFH 7KXV LW NHHSV RQ






)RU WKLV WHVW WKH IRFXV ZDV SXW RQ WKH 6L&& SDLUZKRVH WULERORJLFDO SHUIRUPDQFHV VHHPHG SURPLVLQJ
DIWHUWKHILUVWVHULHVRIH[SHULPHQWV 
$ WULERWHVW ZDV UXQ IRU PLQXWHV RQ WKLV SDLU RI
PDWHULDOV DQG WKH WHPSHUDWXUH ZDV DVVHVVHG E\ WKH
LQIUDUHGFDPHUDZLWKDWKHUPDOUHVROXWLRQRIP.7KH
PD[LPXPDFTXLVLWLRQIUHTXHQF\+]IRUIXOOIUDPH
DQG D XQLIRUP DQG FRQVWDQW YDOXH RI HPLVVLYLW\
FRUUHVSRQGLQJWRFDUERQKDYHEHHQFRQVLGHUHG
0RUHRYHU D GDWD SURFHVVLQJ DIWHU WKH DFTXLVLWLRQ
SKDVH SURYLGHV WKH WHPSHUDWXUH YDULDWLRQV ILHOGVοܶ ൌ ܶ െ ଴ܶZLWK7WKHWHPSHUDWXUHILHOGDWWLPHWDQG7WKHWHPSHUDWXUHILHOGLQWKHLQLWLDOVWDWHW 
 5HJLRQVRILQWHUHVW
6HYHQUHJLRQVRILQWHUHVWZHUHDQDO\VHG)LJXUH 
 =RQH LQFOXGHV WKH WZRVDPSOHVDW WKHFRQWDFW
DUHD











7HPSHUDWXUH LQ ]RQHV  DQG  VWDELOL]HV DIWHU WKH
LQLWLDOVZLWKDULVHRIDURXQG.
)RU]RQHVDQGKHDWSURSDJDWLRQVWDUWVDIWHUVRI









WKH & VDPSOH WKH FRQWDFW SRLQW DQG WKH 6L& VDPSOH7KHSURILOHRI WKH WHPSHUDWXUH DORQJ WKDW OLQH LVVKRZQ
RQ)LJXUH 
7KHPD[LPXPYDOXH LV UHDFKHGDW WKHFRQWDFWSRLQW
PPDQGWKHWHPSHUDWXUHHYROYHVXQWLOWKHVDWXUDWLRQ










4.1. Main series of experiments
)URP WKH PDLQ VHULHV RI H[SHULPHQWV D ZHDU
PHFKDQLVPFDQEHSURSRVHG IRU WKH 6L&&GU\ VOLGLQJ
'XULQJ D UXQQLQJLQ SHULRG DQ DFFRPPRGDWLRQ LV
REVHUYHGEHWZHHQPDWHULDOVVKRZLQJDKLJKHUZHDUORVV
7KHQWKHWKLUGERG\FRPSRVHGE\VXSHUILFLDOILOPVDQG




SDLU 3KHQROLF UHVLQ RU DQWLPRQ\ LPSUHJQDWLRQV UHGXFH
WKH VWLFNVOLS SKHQRPHQRQ LQVLGH WKH FRQWDFW :KLOH D
QRQLPSUHJQDWHGFDUERQVKRZVDKLJKHUGHVWUXFWLRQUDWH
UHVXOWLQJ LQKLJKYDULDWLRQVRI WKH&2) WKHDQWLPRQ\
LPSUHJQDWHG FDUERQ FUHDWHV D PRUH VWDEOH WKLUG ERG\
ZLOOLQJWRUHPDLQLQWKHFRQWDFWDUHDDQGWRDFWDVDVROLG
OXEULFDQW $ EHWWHU UHVLVWDQFH WR ZHDU LV DFKLHYHG ZLWK
WKHVHPDWHULDOV
$FFRPPRGDWLRQ RI WKH FRQWDFW UHGXFHV DOVR
PHFKDQLFDO YLEUDWLRQV DQG WKXV QRLVH HPLVVLRQ 7KH






7KH WHPSHUDWXUH ULVH RI WKH VDPSOHV FDQ EH
FRUUHODWHG WR WKH IULFWLRQ FRHIILFLHQW $V VKRZQ LQ
)LJXUH SHDNV LQ WHPSHUDWXUH FRUUHVSRQG WR SHDNV LQ
WKH IULFWLRQ FRHIILFLHQW 0RUHRYHU DW WKH EHJLQQLQJ RI
WKH WHVWZKHQ&2)LVKLJK WKHVORSHRI WHPSHUDWXUH LV
KLJK $V VRRQ DV WKH IULFWLRQ FRHIILFLHQW VWDELOL]HV WKH
VORSHGHFUHDVHVXQWLOWKHVWDELOL]DWLRQ 
0HFKDQLFDOIULFWLRQGLVVLSDWHVHQHUJ\LQWKHIRUPRI
KHDW DQG DFRXVWLF HPLVVLRQV :KHQ WKH LQFUHDVH LQ
WHPSHUDWXUH RI WKH VDPSOHV LV VWRSSHG RWKHU SDUWV RI
WULERPHWHU FDUU\ RQ ZDUPLQJ XS $ GLIIHUHQFH LV VHHQ
EHWZHHQWKHXSSHUVKDIW IL[HGWRWKH& VDPSOHDQGWKHORZHUSDUWIL[HGWRWKH6L&7KHWHPSHUDWXUHULVHRIWKH
ORZHUSDUWLVTXLFNHUDQGVWDELOL]HVEHIRUHWKHHQGRIWKH
WHVW 7KLV LV GXH WR WKH GLIIHUHQFH RI WKHUPDO
FRQGXFWLYLWLHVRIRXUPDWHULDOV
1RWHILQDOO\WKDWLQIUDUHGUHFRUGHGYLGHRVVKRZDOVR
HMHFWHG ZHDU GHEULV ZKRVH GLDPHWHUV ZHUH VXSHULRU WR
P SL[HO VL]H LQ JRRG DJUHHPHQW ZLWK WKHZHDU
GHEULV IRXQG RXWVLGH WKH FRQWDFW LQ WKH PDLQ VHULHV RI
H[SHULPHQWV
5. Conclusions
7ULERORJLFDO WHVWVZHUH UXQ DW URRP WHPSHUDWXUH RQ
GLIIHUHQW 6L&& FRXSOHV 7KHVH PDWHULDOV SUHVHQW
GLIIHUHQW WULERORJLFDO EHKDYLRU LQ WHUPV RI IULFWLRQ
FRHIILFLHQWDQGZHDU
7KLV VWXG\ VKRZHG WKDW WKH DELOLW\ IRU WKH FDUERQ
PDWHULDO WRFUHDWHD VWDEOH WKLUGERG\ LQVLGH WKHFRQWDFW
FRQWUROVWKHSHUIRUPDQFHVRIWKHFRXSOH 
,QSDUWLFXODUXVLQJDQDQWLPRQ\LPSUHJQDWHGFDUERQ
UHGXFHV WKH VWLFNVOLS SKHQRPHQRQ DQG WKXV WKH QRLVH
HPLVVLRQDQGWKHZHDUORVV











<DPDXFKL ³7ULERORJLFDO EHKDYLRU RI FHUDPLF
PDWHULDOV 6L1 6L& DQG $O2 LQ DTXHRXVPHGLXP´-RXUQDORIWKH(XURSHDQ&HUDPLF6RFLHW\
YROQRSS 
>@ $ * .KXUVKXGRY 0 2OVVRQ DQG . .DWR
³7ULERORJ\ RI XQOXEULFDWHG VOLGLQJ FRQWDFW RI
FHUDPLF PDWHULDOV DQG DPRUSKRXV FDUERQ´ :HDU
YROQRSS 
>@ + =DLGL ' 3DXOPLHU $ -HDQPDLUH DQG + 1HU\
³%HKDYLRXU RI JUDSKLWH LQ IULFWLRQ XQGHU YDULRXV
HQYLURQPHQWV &RQQHFWLRQ ZLWK WKH VXUIDFH




$SSOLFDWLRQ WR WKH &KDUDFWHUL]DWLRQ RI
&DUERQ6LOLFRQ &DUELGH 7ULERORJLFDO &RXSOHV RI
$XWRPRWLYH :DWHU 3XPS 6HDOV´ $GYDQFHV LQ
0DWHULDOV 6FLHQFH DQG (QJLQHHULQJ S  SDJHV
 

)LJXUH 7HPSHUDWXUHSURILOHRIWKHOLQH
/RZHUVKDIW
6L&
